ABSTRACT We have shown improvement in collateral filling immediately after sudden controlled coronary occlusion in human subjects undergoing elective coronary angioplasty. It has been suggested but not proved that collateral circulation can limit myocardial ischemia. We prospectively studied 23 patients with isolated left anterior descending (n = 14) or right coronary (n = 9) disease and normal left ventriculograms during elective coronary angioplasty. A second arterial catheter was used for injection of the contralateral artery to assess collateral filling before balloon placement and during coronary occlusion by balloon inflation. More recently, the impact of collateral circulation during the acute phase of myocardial infarction has been assessed.'W'2 Several of these studies suggested that the presence of collaterals in the early hours of acute infarction was associated with relatively smaller infarcts. However, these studies were limited by the fact that the patients presented several hours after total occlusion of the infarct-related artery, very little information was available regarding the clinical and coronary arteriographic characteristics of the patients before infarction, and additional therapeutic interventions were often employed that may have also limited infarct size.
THE ABILITY of collateral circulation to limit myocardial ischemia and prevent infarction has been a matter of considerable debate. Initially, pathologic evaluation of postmortem hearts of patients with chronic ischemic heart disease suggested that a significant number of patients had sustained total coronary occlusion without ischemic injury presumably because of collateral flow to the jeopardized zone.'-' With the advent of selective coronary arteriography, many investigations used angiographic techniques to elucidate the functional significance of collateral circulation in vivo in patients with chronic ischemic heart disease.4-9 These studies, however, left the matter unresolved.
More recently, the impact of collateral circulation during the acute phase of myocardial infarction has been assessed.'W'2 Several of these studies suggested that the presence of collaterals in the early hours of acute infarction was associated with relatively smaller infarcts. However, these studies were limited by the fact that the patients presented several hours after total occlusion of the infarct-related artery, very little information was available regarding the clinical and coronary arteriographic characteristics of the patients before infarction, and additional therapeutic interventions were often employed that may have also limited infarct size.
Patients with coronary artery disease undergoing elective percutaneous transluminal coronary angioplasty (PTCA) provide a model for prospective evaluation of the functional significance of collateral circulation in the setting of sudden coronary artery occlusion. By means of a second arterial catheter for contrast injections of the contralateral coronary artery during balloon occlusion, we have previously shown that in a high percentage of patients with severe coronary stenosis, collateral channel filling improves within 60 to 90 sec after balloon occlusion. '3 In the present study, we used a second arterial catheter for contrast injection of the contralateral coronary artery during one balloon inflation and left ventriculography during another inflation. In this fashion, we prospectively studied 23 patients to assess the degree of collateral circulation to the dilated artery and to correlate this with the degree of ventricular dysfunction observed during sudden coronary occlusion.
Methods
Patients. The principles of patient selection, premedications, collateral visualization before, during, and after PTICA, and the grading of the degree of collateral filling have been described in previous publications. 13 In the present study, patients were prospectively selected from 142 consecutive patients undergoing elective PTCA. All patients had (1) Angiography and grading of collaterals. The severity of coronary stenosis was evaluated by measuring the percent reduction in lumen diameter from a magnified image of the cinearteriogram.'4 Lesions of the right coronary artery before the acute maraginal branch or of the left anterior descending artery before the first large septal perforator were considered proximal. Each of the 23 patients had three contrast injections of the contralateral artery (before intervention, during inflation, and after intervention). Evaluation of the grade of collateral filling observed during each of the 69 injections was made by a panel of two angiographers, who saw the injections in a random order and without knowledge of which patient was being presented.
Briefly, grade 0 = no visible filling of any collateral channels (figure 1), grade 1 = filling by means of collateral channels of side branches of the vessel being dilated but without any dye reaching the epicardial segment of that vessel, grade 2 -partial filling via collateral channels of the epicardial segment of the vessel being dilated, and grade 3 = complete filling of the vessel being dilated (figure 2). The reproducibility of this grading system has been validated in our prior publication. '3 The Diasonics/Fischer digital subtraction imaging system was used for creation and analysis of the left ventricular images obtained in the right anterior oblique view by injection of 40 ml of Renografin 38% contrast directly into the left ventricle. Left ventricular ejection fraction was calculated by the area length method of Dodge et al. '5 The extent of segmental wall motion abnormalities was quantified by the radial axis model of Ingels et al. 16, 17 In this model, radii are spaced 5 degrees apart around the centroid and radial shortening less than 2 SD below the mean value for a normal population defined a "hypocontractile segment. " The "percent hypocontractile perimeter" was defined as the length of the hypocontractile segment divided by the total ventricular perimeter excluding the aortic and mitral valves. Examples of the left ventriculograms obtained before and during balloon inflation in two patients are shown in figure 3 and 4.
Study protocol Cyclo 0, baseline before PTCA. A 12-lead electrocardiogram was obtained, followed by arteriograms of the contralateral artery using the No. SF coronary catheter. Injection of the contralateral artery allowed assessment of the degree of collateral filling before dilatation. Thereafter the No. 5F pigtail was PATHOPHYSIOLOGY AND NATURAL HISTORY MYOCARDIAL BLOOD FLOW advanced to the left ventricle, pressures were recorded, and a left ventriculogram in the 20 degree right anterior oblique view was obtained by digital subtraction techniques. After the pigtail catheter was withdrawn to the descending aorta, multiple views of the stenosed vessel being dilated were obtained through the Stertzer guiding catheter and the deflated angioplasty balloon was guided through the lesion. Routine PTCA proceeded with two inflations. Just before deflating the balloon during the second inflation, an injection was made through the guiding catheter to document the absence of any flow around the inflated balloon and the absence of any intracoronaray collateral filling. Several minutes after recovery from these initial inflations three A, Pre TCA additional inflations were performed during which the "study" variables were measured. 
Predilatation During inflation
Post dilatation FIGURE 5 . Change in grade of collateral filling arising from the contralateral coronary artery before, during, and after balloon occlusion (cycles 0, 3, and 4) of the stenosed coronary artery in 23 patients. and 3) (p = NS). The mean aortic pressure decreased slightly from 88.6 ± 8.7 (cycle 0) to 87.5 + 4.5 and 85 + 13 mm Hg (cycles 2 and 3) (p = NS). The heart rate-aortic systolic pressure product was unchanged from 8744 + 1538 to 8702 ± 1338 (cycle 0 vs 2). In contrast, left ventricular end-diastolic pressure increased slightly but significantly, from 11.3 ± 2.8 (cycle 0) to 13.7 + 4.2 and 14.0 ± 3.4 mm Hg (cycles 2 and 3) (p = .04).
Indexes of myocardial ischemia with reference to collateral filling ( abnormalities. There was a weak association between the percent hypocontractile perimeter and the grade of collateral filling during cycle 0 (r = -.50). However, a highly significant correlation was observed between the percent hypocontractile perimeter assessed during cycle 2, and the grade of collateral filling assessed during cycle 3 (r = -.85) ( figure 7) .
Fourteen of the 23 patients developed typical anginal pain during each balloon inflation (table 3) . The time of onset of pain ranged from 24 sec to 40 sec after the beginning of the balloon inflation. Nine of the 23 patients experienced no angina during the inflation cycles. All nine patients had either grade 2 or 3 collaterals. All of the patients with only grade 0 or 1 collaterals experienced angina within 40 sec.
Discussion
Our study constitutes the first prospective analysis of the functional significance of the coronary collateral circulation in a large group of patients with fixed, severe atherosclerotic heart disease. With the angioplasty procedure described above, major study variables derived from the prior history, physical, laboratory, and angiographic examinations were identified before as well as during the controlled coronary artery occlusions. In addition, we selected patients in whom no other stimuli to collateral flow other than fixed coronary obstruction were apparent. In a similar study population with the same entry criteria, we previously reported that in a high percentage of patients with severe coronary stenosis, collateral channel filling was augmented to a higher grade within 60 to 90 sec after balloon occlusion. 13 In the present study we attempted to assess the functional significance of these acutely expanded collateral channels.
Previous studies of collaterals in chronic ischemic heart disease. The earliest studies applied intracoronary injection techniques during the pathologic evaluation of postmortem hearts. Using these techniques, Blumgart et al. ' and Baroldi2 observed that a significant number of patients who had sustained total coronary occlusion had large interarterial anastomotic channels that filled the blocked coronary arteries retrogradely. In spite of the total obstructions, however, many of these patients had no evidence of ischemic injury. These investigators suggested that the collateral flow passing through the interarterial anastomoses protected the jeopardized zone. Later, investigators applied selective coronary arteriography in vivo and observed major intercoronary and intracoronary collateral channels filling vessels retrogradely. Using these techniques, Helfant et al. 5 suggested that there were no significant differences 473 n between patients with those without collaterals with regard to the extent of ventricular asynergy or hemodynamic indexes of left ventricular dysfunction. However, they did observe a trend toward lower mortality during the follow-up period.5 In contrast, Levin et al. 6 and Webster et al.7 studied patients with total occlusion of at least one coronary artery, and both investigators concluded that patients with collaterals had better ventricular function than patients who progressed to total occlusion in the absence of collaterals. More recently, the impact of collateral circulation has been assessed during the acute phase of myocardial infarction.'0-12
Although several of these studies suggested that collaterals in the early hours of acute infarction was associated with relatively smaller infarcts, these studies were limited by the fact that the patients presented several hours after total occlusion of the infarct-related artery, very little information was available regarding the clinical and coronary arteriographic characteristics of the patients before infarction, and additional therapeutic interventions were often employed that may have also limited infarct size.
Collaterals in coronary spasm. The first prospective assessment of changes in collateral circulation during sudden reduction of coronary blood flow was undertaken in patients with coronary spasm by Takeshita et al. '8 and Tada et al.'9 Ergonovine was administered and immediately after the onset of coronary spasm, the contralateral artery was injected. In some patients, collateral filling of the spastic artery was observed that was not present angiographically on prior injections when the native coronary arteries were not in spasm. These patients with good collateral filling of the artery induced to spasm had only ST segment depression and not the ST segment elevation expected after sudden transmural ischemia.'9 Tada suggested that collateral flow could have a role in preventing transmural ischemia, but no ventriculographic studies were performed during coronary spasm to prove the hypothesis. 19 Present study. The data presented in this study, comparing ventriculographic findings during sudden coronary occlusion with the degree of collateral filling seen during occlusion, strongly suggest that the coronary collateral circulation does limit myocardial ischemia in man. This protective role was apparent in our model of transient, sudden, and total coronary occlusion. The The tendency toward greater protection with higher collateral grade applied to patients with left coronary as well as right coronary artery occlusion, and also to proximal as well as distal coronary artery occlusion. Limitations of the study. First, all patients received the vasodilators nitroglycerin and nifedipine. Recent work by Bass et al. 22 suggested that nitroglycerin did not have a significant impact on collateral filling. Furthermore, all patients received the same dose of nifedipine and did not sustain any major drops in aortic pressure between the different study cycles. Therefore it is unlikely that the vasodilators we gave had a significant effect on our observations.23 Second, we did not evaluate absolute flow through the collateral channels. In lieu of flow, we applied a grading scale for collateral filling that was developed and validated13 without any knowledge of the subsequent outcome on left ventricular function of sudden coronary occlusion. Third, al- though our evaluation suggests that collaterals are protective during the first minute of coronary occlusion, their impact after several hours remains to be determined. Clinical implications. First, our observations suggesting greater myocardial protection with higher collateral grade may in part explain the variable infarct size observed in patients with coronary occlusions in similar anatomic locations. Second, proof of the protective effect of collateral filling provides impetus for studying markers of collateral reserve and testing therapeutic modalities that may augment collateral filling.
